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I give a brief review of some of the opportunities and challenges that 
could arise in our quest to unravel the Higgs sector that very probably 
underlies electroweak symmetry breaking. In particular, I review scenarios 
with an extended Higgs sector that allow for a heavy SM-like Higgs boson 
and/or make discovery more difficult while at the same time maintaining 
consistency with current limits and precision electroweak constraints. 
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1 The Standard Model 



The most important and immediate goal in our quest to understand nature at 
the microscopic level is the determination of the mechanism by which elementary 
particles acquire mass. One very attractive approach is to hypothesize the existence 
of a Higgs sector (for a review, see of scalar fields (some of which must have non- 
zero quantum numbers under the weak SU(2)xU(l) electroweak gauge group). The 
Higgs potential must be such that one or more of the neutral components of the Higgs 
fields spontaneously acquires a non-zero vacuum expectation value, thereby giving 
masses to the and Z gauge bosons. In the minimal Standard Model (SM), mass 
generation is accomplished through the existence of a Higgs sector containing a single 

complex scalar field doublet (under weak isospin) , = ^ ^ . When Re</)° acquires 

a vacuum expectation value {-^), the 0^ and lm(f)^ fields are absorbed by the hitherto 
massless and Z fields which thereby acquire mass. At the same time, Yukawa 
couphngs Xfff4> lead to the generation of mass for the fermions, rrif oc XfV. The 
quantum fluctuations of the remaining field Re(/)°, correspond to a physical particle, 
the neutral Higgs boson, denoted hsu- The couplings of the hsu to other SM particles 
are completely constrained. However, the mass of the hsu is completely unconstrained 
in the SM context without referencing physics at higher energy scales. 




A (GeV) 

Figure 1: Triviality and (meta)stability bounds for the SM Higgs boson as a function of the 
new physics scale A. From Q. 

If the SM is the correct description of electroweak symmetry breaking at current 
energies, it could still be that the SM is only an effective theory valid below some 
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higher energy scale A. Above A, new physics enters and a more complete/fundamental 
theory would emerge. One possibility is that there is no new physics between elec- 
troweak scales and the Planck scale, Mp. Or it could be that a theory such as 
supersymmetry emerges at a lower scale. Fig. ^ (from 0) shows that the SM could 
remain valid as an effective theory all the way up to Mp only for a very limited range 
of nihg^, roughly 140 < rrih^-^ < 180 GeV. For m/jg^ outside this range, new physics 
would have to enter at a much lower scale. For example, if a rrih^-^ ~ 115 GeV SM 
Higgs boson is discovered, then A < 1000 TeV. The upper bound shown in Fig. |l| 
derives from requiring that the coupling A appearing in the Higgs field quartic self- 
coupling term in the Higgs potential, oc A0^, remain perturbative when 'probed' at 
energy scale A. Since A grows with energy scale, this bounds A(m/ig^), thereby bound- 
ing m/ig^ ~ 2t>^A(m/jg^). The lower bound shown derives from requiring stability of 
the potential. In particular, A is not allowed to be driven negative at energy scales 
below A (by the large top quark contribution to the running of A); i.e. we require 
A (A) > 0. Without this constraint the universe would ultimately prefer to tunnel 
to a state in which the Higgs field (p has values with |0| > A, yielding large nega- 
tive V{A) oc X{A)\(f) ~ A|^ if A(A) < 0. The meta-stability condition, that the time 
scale for such tunneling be longer than the age of the universe, is only slightly less 
constraining. 

Precision electroweak data suggests the presence of a light SM-like h, the best 
single SM-like Higgs boson fit being obtained for nih < 100 GeV. Recent LEP data 
contain hints (at the roughly 2.9a level) that a SM-like Higgs boson might be present 
with mass rrih ~ 115 GeV. This same data could also be interpreted as providing 
weak evidence for a somewhat spread-out Higgs signal in the region nih ^115 GeV, 

7^ combined CDF/DO thresholds 
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Figure 2: Prospects for SM Higgs discovery at the Tevatron. 
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such as might arise if there were a number of Higgs bosons with overlapping resonance 
shapes, each one having ZZ couphng-squared that is a small fraction of the strength 
expected for the /ism- 

If the precision electroweak and LEP hints for a single light SM-like Higgs boson 
are correct, the Tevatron will have an excellent chance of detecting such an h with 
L = 15 fb~^ of accumulated luminosity (per experiment). This is illustrated in Fig. ^ 
from §. If 90 GeV < m;,^^, <_ 130 GeV one employs g'g W* ^ Wh^M ^ 
and qq ^ Z* ^ Zhsu ^ i^T^bb and i+i-bb. If 130 GeV < m/^g^ < 190 GeV one 
uses gg,W*W* hsu as well as q'q ^ W* ^ Whsu and qq ^ Z* ^ Zhsu, all 
with hsM WW*, ZZ*. Relevant final states for hsu decay would be i'^i'^jjX and 
i~^i~uT7. Currently, it is believed that L = 15 fb~^ can be accumulated by 2006-2007, 
i.e. just as LHC will start producing physics results. 
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Figure 3: The statistical significance in various channels for a Standard Model Higgs signal 
with L = 100 fb~^ of accumulated luminosity for the ATLAS detector at the LHC. Also 
shown is the net statistical significance after combining channels. From The CMS 
detector finds similar results M. 
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The LHC and its detectors have been specifically designed to discover the hsu for 
any nih^-^^ < 1 TeV or to see signs of a strongly interacting W sector if the effective 
Higgs mass is even larger. The discovery modes are the following. For rrihg^ < 
130 GeV, one employs gg,W*W* — > hsu 77, QiQj — ^ W^^^sm and gg — > tt/isM 
with hsM 77 and hsM bb. For nih^-^^ > 130 GeV, the best signal is gg, W*W* —>■ 
hsM ZZ^*^ Ai {gg,W*W* hsu ^ WW* iuiu for m/^g,, ~ 2mw)- If 
TJihsM > 300 GeV (400 GeV) the gg, W*W* hsu ^ WW iujj H ZZ Uuu) 
modes are very robust. The statistical significances for various channels are shown in 
Fig. ^ For L = 100 fb~^, a signal of at least lOcr is achieved for all mh^-^ < 1 TeV. 

A future linear e+e~ collider would also be certain to detect the SM hsu unless 
^hsM > V^- Comprehensive reviews are found in and 0. If mhg^ < y/s — mz, 
e'^e~ ^ Z* ^ ZhsM production would allow both an inclusive recoil mass determi- 
nation of a{ZhsM) and exclusive final state determinations of a{ZhsM)B{hsM X) 
for various final states X. The ratio of the latter to the former gives a result for 
B{hsM The power of this approach and of the LC detectors to separate the 

various channels X is illustrated by the fact that for L = 500 fb~^ of accumulated 
luminosity (1 or 2 years of operation) one can even obtain an accurate determination 
of B{hsM ^ WW*) if m;,,^, > 120 GeV and of B{hsM ^ 77) if ^Hsm ^ 130 GeV. 
Even the very narrow width of the light Higgs can be determined quite accurately by 
indirect means. For instance, by isolating e~^e~ — > e~^e~W*W* — >■ e'^e~hsM events 
one can extract T)^^^ = '^^^b^sm->ww*)'^ ^ ■ '^^^ collider option at the LC can 
also play an important role. In particular, the 77 —>■ hsu coupling can be determined 
from the ratio cr(77 — > hsu bb)/B{hsM ~^ bb) (the latter determined using the 
ZhsM techniques). This coupling is very sensitive to the presence of loops containing 
heavy particles whose mass is acquired via the Higgs mechanism. In addition, at 
low masses such that the W*W* technique for total width determination is not very 
accurate, 77 hsu allows fTOll extraction of ri°* = <^i'n^hsM-*bb) ^ rjj^^ process 
77 —>■ hsu also allows determination of the CP nature of the hsu by studying the 
cross section dependence upon relative orientation of the (transverse) polarizations of 
the colliding 7's []TT],|T2|,|T3[ . CP=+ (— ) implies 77 hsu cross section proportional 
to ei ■ 6*2 (el X 6*2). Finally, by studying angular distributions of the t, t and h in 



e^e — > tth it is possible to determine the CP of the resonance eigenstate 14,15 



2 Non-Exotic Extensions of the SM Higgs Sector 

Even within the SM effective field theory context, the Higgs sector need not con- 
sist of just a single doublet; one should consider extended Higgs sector possibilities. 
Indeed, typical models in which the Higgs sector is the result of a new strong inter- 
action at a higher scale A produce an effective field theory below A that contains 
at least two doublets and/or extra singlets [|l^. Higher representations are also a 
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possibility. String models also often yield quite a number of Higgs representations at 
low energy [0; singlets, doublets and higher representations are all possible. 

Addition of singlets poses no particular theoretical problems (or benefits). Addi- 
tion of one or more extra doublet representation(s) has both attractive and unattrac- 
tive aspects. On the unattractive side is the fact that the squared-mass(es) of the 
additional charged Higgs boson(s) become new parameter(s) that must be chosen to 
be positive definite in order to avoid breaking of electromagnetic symmetry. This 
unfavorable aspect is, in the view of many, more than compensated by the fact that 
a multi-Higgs-doublet model allows for the possibility of explaining all CP-violation 
phenomena as a result of explicit or spontaneous CP violation in the Higgs sector. 
Triplet representations and higher are deemed 'exotic' in that p is no longer com- 
putable when they participate in EWSB {i.e. when the vev of the neutral member of 
the representation is non-zero); instead, p becomes infinitely renormalized and must 



be treated as an input parameter to the model |]T8|. In this section, we focus our 
attention on singlet and doublet extensions. In both cases, detection and simulation 
considerations change dramatically. Triplets will be discussed very briefly in the next 
section. 

The new considerations that arise for an extended SM Higgs sector are brought 
most immediately into focus by discussing the discovery prospects for Higgs bosons 
at an e^e~ collider; other colliders will encounter even greater difficulty in ensuring 
discovery of at least one Higgs boson of an extended sector. 

2.1 A Continuum Signal 

As stated above, it is not entirely unreasonable to consider a case in which there 
are many singlets and/or extra doublets, possibly even triplets, in addition to the 
original doublet Higgs field 0. Each complex neutral field results in an extra scalar 
and extra pseudoscalar degree of freedom. The former will generally mix with Re0° 
and the interesting question is the extent to which this could make Higgs discovery 
difficult. The worst case scenario is that in which the physical eigenstates share 
the WW/ZZ coupling-squared and are spread out in mass in such a way that their 
separation is smaller than the ~ 10 GeV or so mass resolution of the detector. The 
result could be a very spread out and diffuse signal that could only be searched for 
as a broad excess in the Mx recoil mass spectrum in e~^e~ —>■ ZX production, where 
Mx is computed from px = Pe+ +Pe- —pz for events in which the Z decays to e~^e~ , 
p~^p~ (and possibly jets). As noted earlier, LEP2 data is consistent with a small 
spread-out excess of events at high Mx (in the Mx ~ 100 — 110 GeV region) beyond 
the number predicted by background computations; this excess could be interpreted 
in terms of such a diffuse spread-out signal. 

Fortunately, there are constraints on this scenario. First, defining Cj to be the 
strength of the hiVV coupling relative to that of the hsu, unitarity for WW scat- 
tering, as well as the general structure of the theory, imply the sumrule J2i Cf > 1; 
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if only singlet and doublet representations are present I]j = 1. Second, precision 
electroweak constraints imply that the value of (M^) appearing in 



Y.cf< = {M'). (1) 

i 

hould not exceed about (200 GeV)^. For the most general supersymmetric model 
Higgs sector, imposing the requirement of perturbativity of couplings after evolving 
up to the GUT scale yields this same result for the maximum possible (M^) [p^ . 

To illustrate the consequences [^, assume Cf is constant from m™™ to m™*^^; 
using continuum notation, C'^{mh) > l/{m^^^ — m™'") for / dmhC'^{mh) > 1, while 
Eq. (|I|) implies ^([m}^^^]^ + mJJ^'^^mf'^ + [m^''^]^) < (M^). Let us also suppose that 
LEP data can be used to show that C'^{mh) is very small for nih < 70 GeV (this is 
being examined currently). Then if C^{mh) is constant from m™™ = 70 GeV out to 
m^^^ = 300 GeV the sumrule will be saturated. 

Clearly, LEP2 would have had great difficulty confirming the presence of such 
a broad excess. One needs to have e'^e~ collisions at high enough energy to avoid 
kinematic suppression over the bulk of the Mx region in question. A ^/s = 500 GeV 
collider would be more or less ideal. In Ref. pT|, the backgrounds in the recoil Mx 



spectrum for ZX production were examined for = 500 GeV over the interval 
70 GeV to 200 GeV. For the mf'' = 70, m)f^^ = 300 GeV case described, a fraction 
/ ~ 0.57 of the continuum signal resides in this region. In order to avoid the large ZZ 
background, it is actually best to restrict consideration to the 100 — 200 GeV range 
in which a fraction / ~ 0.43 of the signal resides. For L = 500 fb~^, the excess signal 
event rate after cuts would be 5* ~ 1350/ ~ 580 with a background of i? = 2700. 
The resulting ~ 50%/ ~ 22% excess over background would be readily detected, and 
would yield S/\fB ~ 26/ ~ 11. Allowing for some extra weighting of the signal into 
the Mx = vfiz region, it still seems safe to say that Sj \fB > 5 would be achieved for 
L > 200 fb"\ 

Obviously, detection of this type of signal would be very difficult, if not impossible, 
at a hadron collider due to the inability to reconstruct the recoil mass in a ZX or 
WX event (the energies of the colliding quarks being unknown). In this scenario, the 
LHC would have good evidence that WW scattering at high-m^yvi/ was perturbative, 
but the continuum of Higgs bosons responsible for this perturbativity would probably 
not be directly detected. Detection of the Higgs bosons would require that only a 
few of the Higgs bosons decayed to some particular identifiable final state (e.g. bb) 
and that these same Higgs bosons were sufficiently well separated in mass that the 
individual mass peaks could be reconstructed. This latter is a possibility if some of 
the Higgs bosons give mass to some fermions and not others, rather than all Higgs 
bosons contributing roughly equally to the various fermionic masses. Of course, this 
type of channel separation would make resonance peak reconstruction possible at the 
LC as well. 
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2.2 The General Two-Higgs-Doublet Model 

This is a particularly useful model to consider since it already displays many 
features that would be present in still more complex Higgs sectors (see for a 
review and references). We will confine our attention to a type-11 two-doublet model 
(in which one Higgs doublet, gives mass to up quarks while the second, 0^, 
gives mass to down quarks and leptons). Of course, the MSSM Higgs sector is a 
constrained type-II two-doublet model. If CP is conserved in the Higgs sector, then 
there are two CP-even eigenstates, and H^, one CP-odd eigenstate, and a 
charged Higgs pair, H^. If CP is violated, the h^,H^,A^ would mix to form a trio 
of mixed-CP eigenstates, /ii=i,2,3- One of the most important parameters of a 2HDM 
model is tan/3 = Vu/vd, the ratio of vacuum expectation values for the neutral field 
components of 0^ and (pd, "^u + "^J = "^sm is required to obtain the correct W and Z 
masses. 

The most pressing question is again whether or not we are guaranteed that there 
should be at least one light Higgs boson with properties such that we can detect it 
at the various colliders. The answer is model dependent. 

As we shall review later, in the general 2HDM context (i.e. without the constraints 
of supersymmetry) , it is possible to satisfy precision electroweak constraints even if 
the only Higgs boson that has substantial WW/ZZ coupling is quite heavy (but, at 
most ~ 1 TeV). Precision constraints are most easily satisfied if there is one light 
Higgs boson (with no WW/ZZ coupling), all others being quite heavy. Would we 
discover this light h7 

Again we use the e^e~ collider to illustrate. There the relevant production pro- 
cesses would be e^e" — > tth, e+e^ — > bbh, e"'"e^ ^ Z* ^ Zhh and e~^e~ uuhh. As 
regards the fermion processes, there are sumrules that guarantee that the bbh and tih 
couplings cannot both be suppressed [Q. In particular, for a /i of a general type-II 
2HDM with no VV coupling one finds g^jj^/ g^jf^^^ = cot (3 and g^-^/ g^^i^^^^ = tan (3. The 

Z* — s> Zhh and WW — >■ hh processes are dominated by the quartic coupling which 
is determined purely by the covariant gauge derivative structure, (_D^$)"''(Z}^$), re- 
sponsible for the relevant interactions. We will now outline why these processes are 
not necessarily sufficient to guarantee h discovery. 

Yukawa processes 

Because of the tan/? dependence of the couplings, e~^e~ tih will always yield 
an observable event rate if tan/3 is small enough (and the process is kinematically 
allowed) while bbh will be observable for large enough tan/?. However, even for 
L = 2500 fb~^ there is a wedge of tan/?, beginning at m-^ ~ 50 GeV (80 GeV) for 
^/s = 500 GeV (800 GeV), for which neither process will have as many as 50 events 
P^ , PB| , deemed the absolute minimum number of events for which detection would 
be possible at the LC. Of course, the upper limit limit for the wedge illustrated up to 
400 GeV rises further for still larger values, while the lower line deliminating the 
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Figure 4: For \fs = 500 GeV (dashes) and ^/s = 800 GeV (solid), we plot the maximum 
and minimum tan/3 values between which tih and bbh both have fewer than 50 events 
assuming (a) L = 1000 fb"^ or (b) L = 2500 fb"\ 



wedge disappears once tth is kinematically forbidden. In short, the fermionic couphng 
sum rules do not yield any guarantees. They only restrict the problematical region. 

Double Higgs production processes 

In Fig. ^ we plot the cross section for e^e~ ^ Z* Zhh. We see that 
this process can probe up to = 150 GeV (250 GeV) for a 20 event signal with 
L = 1000 fb"^ (50 events for L = 2500 fb~^). Similar resuhs are obtained for 
WW hh fusion production. Thus, even after combining these process with the 
Yukawa processes, there is a large range of and tan (3 values for which the only 
Higgs boson light enough to be produced in e~^e~ collisions cannot be detected. 

Precision electroweak constraints in the 2HDM 

In this subsection, we demonstrate how a 2HDM can give good agreement with 
precision electroweak constraints, even if there is only one Higgs boson with VV 
decoupling and it has mass 



1 TeV 



As noted earlier, a heavy SM-like h gives a 
large AS* > and large AT < 0, as illustrated by the locations of the stars in Fig. |[ 
The key is to compensate the negative AT from the 1 TeV SM-like Higgs with a large 
AT > from a small mass non- degeneracy (weak isospin breaking) of heavier Higgs. 
For example, for a light h = A^, the would be taken heavy and SM-like and the 
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Cross Sections for e*e ^ hhZ when gzzh=0 




(Dh (GeV) 

Figure 5: For ^/s = 500 GeV and 800 GeV and for h = and h = A9 , v^e plot as a 
function of the maximum and minimum values of a{e^e~ — > hhZ) found after scanning 

1 < tan/3 < 50 taking all other Higgs masses equal to ^/s. For h = h^, we require 
sin(/3 — a) = during the scan. The 20 event level for L = 1 ab^^ is indicated. 



value of Ap would be approximately given by: 
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rom this formula, it is clear that one can adjust — m^^o ~ few GeV (both rriHi 
and rrifjo being large) so that the S,T prediction moves to the location of the blobs 
shown. 



Possible evidence from for a light h = A° 



The latest BNL result for differs by 2.Qa from the SM prediction (for a 
standard set of inputs for low energy a{e^e~ — >• hadrons)): 
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Figure 6: The outer ellipses indicate the current precision electroweak 90% CL region in 
the S,T plane for U = and rn^i^^ = 115 GeV. The innermost (middle) ellipse show the 
size of the 90% (99.9%) CL region for rrih^^^ = 115 GeV after new precision electroweak 
measurements (especially of sin^ ^leptonic at a Giga-Z factory and a Am^y < 6 MeV threshold 
scan measurement. The blobs indicate the S,T predictions for points with tan/? > 2 that 
lie within the no-discovery wedges illustrated in Fig. ^, adjusting other model parameters 
so that the Ax^ of the precision electroweak fit is minimized while keeping all but one Higgs 
boson heavier than y^. Stars show 5, T predictions for the SM taking m/ig^ = 500 or 800 
GeV. 

Taking the above numbers at face value, the range of Aa^ at 95% CL. (±1.96cr) is 
given by 10.3 x 10~^° < Aa^ < 74.9 x 10~^° . A light (/i°) gives a positive (negative) 
contribution to dominated (for all but a very light Higgs boson) by the two-loop 
Bar-Zee graph. If we use a light as the entire explanation for Aa^, Fig. |^ shows 
that this leads to constraints such that tan/? > 15 is required with m^o < 100 GeV 
(smaller values for smaller tan/3) pGf. For tan/? > 17 and m^o < 100 GeV, the A^ 



10 



will be found at a LC for sure, but discovery of such a light state primarily decaying 
into two (soft) jets will be hard at the LHC If the size of Aa^ should decline with 
analysis of the final data set, or with alternative input for a{e~^e~ —>■ hadrons) at low 
energy, higher m^o and/or smaller tan/? would be needed to explain Aa^. Thus, for 
smaller Aa^ the might not be observable at either the LC or the LHC. Of course, 
there are many other new-physics explanations for Aa^. Possibly a piece could come 
from the Higgs sector and a piece from these other sources. 
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Figure 7: Explanation of new BNL value via light 2HDM A^. (Cheung, Chou, Kong) 



3 Triplet Representations 

It is certainly easy to construct models in which the Higgs sector contains one or 
more triplet representations (see |^ for a review of models). Most interesting would 
be the presence of a complex \Y\ =2 triplet representation. One can use a 2 x 2 
matrix notation for such a representation: 

AO -A+/V2) ■ 
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The most dramatic new features of Higgs representations containing a complex triplet 
are the presence of the doubly-charged Higgs bosons, A and and the possibility 
of lepton-number-violating Majorana-like couplings which take the form 



Cm = ihijipi CT2Ailjj + h.c. , (5) 

where i,j = e,fi,T are generation indices. This coupling will give rise to a see-saw 
mass term if (A°) = va ^ 0. However, if V/\ 7^ 0, then we lose predictivity for p; p 
is renormalized and becomes an input parameter for the model |jl8[. Whether or not 



fA 7^ 0, Cm gives rise to e~e~ — A and p^p^ A couplings. Left-right (L-R) 
symmetric models combine the best of both worlds. They introduce right-handed 
electroweak isospin in addition to the left-handed isospin of the SM and contain a 
left-triplet A^ with (A° ) = (so that p = 1 is natural) and a right-triplet A^ with 
(A^j) 7^ so as to generate a Majorana neutrino mass. L-R symmetry requires that 
if the Majorana Cm is present for A/j, then it must also be present for A^. In what 
follows, we discuss the phenomenology of the A^; that for the Higgs in A/j is very 



different We will drop the L subscript in the following. Limits on the hij by 

virtue of the A — > couplings include: Bhabha scattering, {g — 2)^, muonium- 
antimuonium conversion, and p~ e~e~e~^. Writing 

|/if,"|2 = c«m^„-(GeV), (6) 

Cee < 10^^ (Bhabha) and y/c^^c^ < 10^^ (muonium-antimuonium) are the strongest 
of the limits. There are no limits on Crr- 

If is small or 0, the A width would be quite small, which can lead to very 



large s-channel production rates for A in e e and p p collisions |]28[. The 
strategy for A detection is the following. For small or zero fA, we would discover 
the A~ in pp,pp A""A++ with A"" 1 1 , /\++ {^ = e,p,T) at the 



Tevatron or LHC for — < 1 TeV |^ . This is precisely the mass range for which 
s-channel production of the A would be possible at a y/s < 1 TeV e~e~ LC or 
p~p~ collider. Event rates can be enormous for c« near the current upper limits . 
Equivalently, e~e~ and p~p~ collisions probe very small c^. For small beam energy 
spread {SE/E = R), the number of A produced in collisions is 

Af(A--),.,„ ~ 3 X 10- (^) ) . (7) 

where R ~ 0.2% is reasonable in e~e~ collisions and R < 0.01% is possible in p~p~ 
collisions. If 100 events (of like sign dilepton pairs of definite known invariant mass) 
constitute a viable signal, Eq. (^ implies we can probe 



1 100 events 




3.3xlO-W^ H^ii^ . (8) 
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independent of — . This is dramatic sensitivity — at least a factor of 10^ — 10^ 
improvement over current limits at an e~e~ collider. If A fx^^^ primarily, then 
10 events might constitute a viable signal and sensitivity would be further improved. 

As a final remark, we note that if triplets are present in a SUSY model, the triplet 
Higgs field(s) will destroy coupling constant unification if intermediate scale matter 
is not included; but, this is not a severe problem since such matter is natural in L-R 
symmetric supersymmetric models. 



4 Extra Dimensions and Higgs Physics 

This is a very large are of recent research and I will say only a few words about a 
variety of interesting possibihties. 

The first important point is that large extra dimensions are associated with much 
lower Planck scales, possibly as low as Ms ~ 1 TeV [Q. This reduces and can 
even eliminate the naturalness and hierarchy problems. In particular, the quadratic 
divergence in the Higgs mass loop calculation would be cutoff at Ms- As a result, this 
particular motivation for low-energy supersymmetry is greatly reduced. (Of course, 
in most such models one must view the MSSM unification of gauge couplings at the 
GUT scale in the usual four-dimensional theories as being totally accidental.) Other 
useful possibilities with large extra dimensions include various explanations of the 
small size of most Yukawa couplings. In one approach the brane on which the 



SM particles live has significant width, and the Higgs is centered at one location while 
the weakly coupled fermions are located with significant separations from the Higgs 
centrum. 

Extra dimensions can also provide new contributions to the precision electroweak 
observables These can shift expectations for the mass of the SM-like Higgs, 



in particular allowing it to be much heavier than the light rrihg^ ~ 100 GeV values 
required in the pure SM context. Just as in the general 2HDM case, the extra 
dimension theory only needs to give a small AS contribution and a large AT > 
contribution. 

Extra dimensions can also be the source of electroweak symmetry breaking. In 
one approach |Q , the Kaluza Klein (KK) modes mix with Higgs in such a way that 



the full effective potential takes the form V^tot = — DV^{(j)), with D < from 
the KK summation. If D < 0, as for instance if the number of extra dimension 
is S = 1, then the minimum of this potential is at V{(j)) = i, independent of 
the form of V{(f)). In fact, even if V{(f)) has no quartic term, the —DV'^{(j)) term 
generates the quartic interactions and EWSB takes place. The physical Higgs boson 
is a complicated mixture of the usual Higgs field and a sum of KK modes. The main 
phenomenological implication is that such a Higgs might not have significant Yukawa 
couplings and invisible decays into KK modes could be dominant. 
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It is also the case that the Lagrangian could contain a term of form —^R(g)(f)^(f), 
where R{g) is the usual Ricci scalar. This term introduces mixing between the Higgs 
bosons and the KK excitations associated with the extra dimensions. The result is a 
large invisible decay width of the Higgs boson . 



In the Randall-Sundrum model, there is only one graviscalar. It mixes with the 
Higgs boson, yielding two mixed physical states with properties that are intermediate 



between those of the radion and of the Higgs boson [34 



5 Detecting an Invisible Higgs Boson 

Aside from invisible KK mode decays, there are also the possibilities of Higgs 
decays to Majorans, to XiXi (iii supersymmetric models), and to 4th generation neu- 
trinos (with m,y^ > rriz/^ to avoid Z invisible width limits). If the Higgs decays 
are dominated by the invisible channel(s), alternative Higgs detection strategies are 
necessary. At a LC, there is no difficulty in seeing an invisibly decay Higgs in Hig- 
gsstrahlung production, e"'"e~ Z* ^ Zh, by looking for a peak in the recoil mass 
Mx in the ZX final state, with Z e+e~ and Z — > fi^^~ . 

At hadron colliders, detection will be more difficult. The key is to be able to tag 
the Higgs event using particle(s) produced in association with the Higgs boson. The 
modes tth production |^ and Wh, Zh production PB| , |T7| were identified early on 
as being very promising, but detailed experimental evaluation/simulation has only 
recently been begun. The latter modes might even be useful at the Tevatron [p^]. 
More recently, WW h fusion using double tagging of highly energetic forward jets 
at the LHC has been proposed |3^. It should be noted that the Wh, Zh and WW 
fusion modes all rely on the VV coupling of the Higgs boson, whereas the tih mode 
relies on the fermionic couplings and would be relevant even for the Higgs bosons of 
an extended Higgs sector that have small or zero tree-level VV couplings. 

For a SM-like Higgs, it was estimated that the Wh + Zh and tih modes have 
discovery reach at the LHC up to about 200 GeV and 250 GeV, respectively, with 
L = 100 fb~^ of accumulated luminosity. At the Tevatron, the Wh + Zh modes 
will only exceed the limits for an invisibly decaying SM-like Higgs boson already 
established at LEP2 (rrih > 100 GeV) when L > 5 fb~^. These discovery reaches 
are substantially less than those for the hsu with normal decays. A roughly equal 
mixture of invisible and normal decays would reduce the reach of both the invisible 
decay and normal decay detection techniques and possibly make Higgs detection all 
but impossible at the hadron colliders. A careful study is needed. 
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6 Supersymmetric Model Higgs Bosons 

A good summary of the MSSM Higgs sector is found in At least two doublets 
are required in supersymmetry in order to give mass to both up quarks and down 
quarks and leptons. An even number of doublets, plus their higgsino partners, are 
also required for cancellation of anomalies. The MSSM contains exactly two doublets 
{Y = +1 and Y = —1) with type-II Yukawa couplings. TeV scale supersymmetry as 
embodied in the MSSM is the most popular cure for the naturalness and hierarchy 
problems for good reason. First, for two (and only two) doublets one finds perfect 
coupling constant unification at the GUT scale if the SUSY scale is msvsY ~ 1 TeV 
(actually, a significant number of sparticles with masses nearer 10 TeV gives better 
unification with 0^2 and ai). If there are more doublets, triplets, etc. then coupling 
unification generally requires intermediate scale matter between the TeV and Mu 
scales. If there are extra dimensions, unification would not necessarily be relevant 
(although it can be maintained by putting the SM particles in the bulk |^). In 
short, the MSSM without extra large dimensions has very strong motivation. 

The only extension to the MSSM Higgs sector that does not destroy gauge unifica- 
tion is to add one or more singlet Higgs fields. The model in which one singlet Higgs 
field is included is called the NMSSM (next-to-minimal supersymmetric model) |^ 
(see in for a review). This is an extremely attractive model in that it provides the 
most natural explanation for having a fi parameter that has TeV scale magnitude. 
The parameter fi is that appearing in the MSSM superpotential fi(j)u(f>d, where the 
(l)u,d are the superfields containing the scalar (f)u,d Higgs fields of the type-II Higgs sec- 
tor. In the NMSSM, this interaction is replaced by the superpotential form \sS(j)u(pd, 
which generates an electroweak scale effective /i = A^s when the scalar component of 
S acquires an electroweak scale vacuum expectation value, s = (5"^), as is easily and 
naturally arranged. In addition, the NMSSM can contain a superpotential piece of 
the form ^kS^. 

As is well known, there is a strong bound on the mass of the lightest Higgs boson 
of supersymmetric models. In the MSSM, if mj < 1 TeV then m/jo < 130 — 135 GeV 
after including stop loop corrections with At ^ 0. {At is the magnitude of the trilinear 
soft supersymmetry breaking term.) This bound is so strong because at tree-level one 
finds rriho < rriz due to the fact that all Higgs self couplings are given in terms of 
gauge couplings, g and g'. However, the choice above of mj < 1 TeV is a bit arbitrary. 
As noted earlier, having some SUSY matter nearer 10 TeV actually improves coupling 
constant unification. For stop masses in this latter range, the upper bound on ruho 
would be larger. Also, increasing the top mass within the current experimental error 
increases the upper limit on m/jO. In the NMSSM, the upper bound is less constrained 
because of the new A5 parameter introduced. One finds rriho < 150 GeV assuming 
perturhativity for A5 up to Mu- If one adds more doublet Higgs superfields, this 
actually lowers the mass bound. Adding triplet Higgs superfields increases the mass 
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bound (assuming perturbativity up to Mu again) to 111^0 < 200 GeV [|^. This is the 
maximal value employed earlier in the sum rule of Eq. (|^). 



6.1 Experimental limits from LEP2 on MSSM Higgs bosons 

Limits from LEP2 in the MSSM context are quite significant. Roughly, m^o, m^o < 



91 GeV are excluded for maximal mixing in the stop squark sector (a cer- 
tain choice oi Xt = At — ji cot (3) and msusY = 1 TeV. Using the theoretical up- 
per bound on iriyfi as a function of tan/5, this translates to exclusion of the region 
0.5 < tan (3 < 2.4 at 95% CL. Higher msusY means that Higgs masses at a given tan /3 
increase with the result that less of the [mA0,tan/5] parameter space is excluded. 

The above limits on 171^0,171^0 assume absence of CP violation in the Higgs sector 
and invisible decays of the h^, are not allowed for. CP violation arises in the MSSM 
through phases of the /i and At parameters. This CP violation leads to CP violation in 
the MSSM two-doublet Higgs sector brought in via the one-loop corrections sensitive 
to these phases. The two new parameters are: and 6, the latter being the phase 

of one of the Higgs doublet fields relative to the other. Studies suggest that 



MSSM Higgs mass limits will be weakened significantly, implying that the disallowed 
tan/5 region is still allowed when CP violation is present. 

Allowing for and A^ to have some, perhaps substantial, invisible decays would 
considerably weaken the constraints on the h^A^ cross section. As a result, the ZX 
recoil mass analysis would have to be relied upon more heavily. I would guess that 
the limits on rriho and m^o deteriorate substantially. This deserves study by the LEP 
experimental groups. 



6.2 Discovery prospects for MSSM Bosons at the Tevatron 

We recall that the (h^) has most of the WW, ZZ coupling when m^o < mz 
(m^o > 150 GeV). For, mz ^ ttiao < 150 GeV, the and will share the 
WW, ZZ coupling strength to a greater or lesser extent depending upon other details 
of the input parameters. The useful production processes are qq —>■ Vh^, VH^ with 
h^, — * bb being dominant for m^o values such that h^, has substantial VV 
coupling, respectively. The decoupled Higgs boson, hP at low m^o or at high 
m^o, will have hb coupling that is enhanced by a factor of tan/3 (relative to the SM- 
like value) and the processes gg, qq — hbh^ or bbH^, respectively, will be enhanced; 
gg, qq bbA^ is always enhanced at high tan/?. Obviously, a Higgs which decouples 
from VV and has enhanced bb coupling will decay primarily to bb. A careful study, 
including a parameterized simulation of detector effects, was performed to study 
prospects at the Tevatron using these channels 0. Except for some very special 
parameter configurations, the results are summarized by Fig. ^. One sees that L > 
15 fb~^ is needed to guarantee 5a discovery at lower m^o. For larger m^o, as typically 
needed for successful generation of EWSB via the RGE running, much higher L will 
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be needed. Except in the upper left corner of low m^o and high tan/3, only the 
is observed. The small white region is where the and are sharing the VV 
coupling and neither is produced strongly enough for detection. If the root-mean 
squark mass, msusY, is increased above 1 TeV, the mass increases and discovery 
prospects deteriorate. 




Figure 8: (a) 95% CL exclusion regions and (b) 5a discovery regions in the [m^o,tan/3] 
plane, for the maximal mixing scenario (using msusY = 1 TeV) and two different searcli 
channels: qq —>■ Vcj) [0 = hP , H^], (j) ^ bb (shaded regions) and gg, qq —>■ bb(/) [(f> = h^, H^, 
A^], (f) ^ bh (region in the upper left-hand corner bounded by the solid lines). The region 
below the solid black line is excluded by no e+e" — > Zcj) events at LEP2. 



6.3 Discovery Prospects for MSSM Higgs Bosons at the LHC 

Focusing on large m^o , discovery of the SM-like will typically be possible using 
the same production/decay modes as for a light h^u at the LHC. At high tan/3 and 
large m^o, the decoupled and can be found using gg,qq bbH^,bbA^, with 
H^,A^ — > T~^T~ or ijf^ [Jj~ and gb H^t with — > r^z/. These are the main 
modes of importance since LEP2 limits pretty much exclude tan/3 < 2.5, for which 
other modes could be dominant. The contours for 5a discovery are shown in Fig. ^ 
Discovery of at least one of the MSSM Higgs bosons is guaranteed for L = 300 fb~^. If 
m^o > 200 GeV and tan (3 is not large enough, it could happen that only the SM-like 

will be observable. 



17 




50 100 150 200 250 300 350 400 450 500 



niA (GeV) 

Figure 9: 5c7 discovery contours for MSSM Higgs boson detection in various channels are 
shown in the [rrij^o , tan /3] parameter plane, assuming maximal mixing, mgusY = 1 TeV and 
an integrated luminosity of L = 300 fb~^ for the ATLAS detector. This figure is preliminary 



6.4 Discovery Prospects for MSSM Higgs Bosons at the LC 

Recent reviews of this topic include [^] and Any Higgs boson with even very 
modest VV coupling can be detected using the Higgsstrahlung e+e^ ^ Z* ^ Zh 
process. For m^o > 150 GeV (as probable for RGE driven EWSB), decoupling has 
set in and it is the that will be detected in this way. In particular, the upper 
limit of rriho < 135 GeV guarantees that a a/s = 350 GeV LC would suffice. For the 
H^,A^,H^, the production mechanisms e~^e~ — > + and e"'"e^ + H 

would be full strength. However, at large m^o, one finds m^^o ~ nij^ ~ fnui so 
that pair production requires m^o < -/sjl. If m^o exceeds y/s/l, then one must 
turn to e^e~ —>■ bbA^,bbH^,btH^. As we have already discussed, the event rates 
for these processes are not large enough for observation unless tan/5 is quite large. 
In the problematical moderate tan/3 wedge, where the LHC will also not find the 
H^,A^,H^, observation might be possible using 77 —>■ H^,A^. In particular, this 
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will be possible if the value of mj^o is constrained to within ±50 GeV, since then the 
expected yearly luminosity would be such that an appropriately designed scan, using 
a peaked 77 luminosity spectrum, would reveal a if", signal when E^^^^ ~ m^o 



49| 



A model-dependent constraint on niAo of this type might be possible. If one as- 
sumes a non-conspiratorial MSSM parameter scenario, vs. h^u branching ratio 
differences reflect the value of m^o rather accurately. Further, expected LC preci- 
sions for the branching ratios are such that these differences could be measured with 



sufficient accuracy to determine m^o within ±50 GeV if m^o < 400 GeV P7| , ^ . This 
is precisely the range of relevance for a 77 collisions at a ^/s = 500 GeV LC. Alter- 
natively, if the properties of the observed light Higgs are found not to deviate from 
those predicted for the hsu, then the most natural conclusion would be that m^o is 
substantially heavier than 500 GeV. In this case, a 77 scan over the E^^ < 400 GeV 
range would not be useful. However, if one does not accept this model-dependent in- 
direct determination of the magnitude of m^o, a full scan, say from m^o ~ 250 GeV 
up to rriAO ~ 400 GeV would be called for. However, luminosity expectations for the 
NLC design might not suffice to find the H^, if one has to scan such a large 



range of mass. Much higher L-,-, luminosity is claimed by TESLA. This might be a 



rather crucial difference |49,50|. Once the mass of any of the h^^H^^A^ is known, 
we can run with E"^^^"^ equal to the Higgs mass and determine the CP nature of 
the Higgs boson by adjusting the linear polarization orientations of the initial laser 
beams [OJT^JTH]. In particular, we can separate A^ from when these are closely 



degenerate (as typical for tan/3 > 4 and ttlao > 2mz)- 

6.5 Special Cases in the MSSM 

As already noted, the above summaries assume relatively canonical MSSM pa- 
rameter choices and absence of CP violation in the Higgs sector. These expectations 
need not apply. If there are substantial XiXi decays, as still possible even given 
LEP2 lower bounds on fn~o, observation of the at hadron colliders (but not the 
LC) would be more difficult. For low stop masses, corrections to the one- loop induced 
ggh^ and 77/1" couplings would be substantial. The stop and top loops negatively in- 
terfere leading to reduction of gg fusion production and some increase in B{h^ 77) 

EH- 



There can be substantial radiative corrections to the tree-level couplings. This 
would be especially important for bb decays of the when the is SM-like. In 
particular, after including radiative corrections, for the bb Yukawa Lagrangian one 
obtains C ^ Xb<Pdbb + AAb0°65. The coupling AA;, is one-loop and arises from b — g 
and t — (f)u4 loops. Typically, ~ 0.01 (either sign). Further, does not vanish 
in the limit of large SUSY masses (there is no decoupling). The result for the full 
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/i° bb coupling takes the form: 



iTif) sm a 



vcosp 1 + ^ tan /? 



At, 

tana 



(9) 



implying that if tana 



4^ then X'^" 



0, 



In particular, this can happen when 
niAO — oo if AXb/Xb < 0, since, at large m^o, a tc/2 — /3 and tana —1/ tan/3 is 
small. Conversely, for AXb/Xb > 0, substantial enhancement of A^'' is possible. 

If parameters are such that the decouples from 6's (i.e. ~ Recpl), discovery 
strategies could not rely on the bb decay mode. However, since r(/i° 77) is domi- 
nated by W and t loops, small or vanishing A^" will affect the 77 partial width 
very little. There is also little impact on the gg partial width. Thus, suppressed 
T{h^ bb) implies enhanced B(h^ — > 77),i?(/;,° WW*). In fact, the 77 mode 
can be viable for some range of rriho at the Tevatron if ~ 0^ 
allowing for either suppressed or enhanced A^°, LHC gg 
Wh^[-^ WW*] modes improve when LHC, Tevatron W, Zh^[—>- bb] modes deteriorate. 
One also finds that the Tevatron and the LHC are complementary as A^° and niho 



m 



. More generally, 
77 and Tevatron 



vary in that discovery will occur at one or the other machine, even if not both 

Turning next to the y4°, i/^*", discovery will typically become more difficult if 
these Higgs bosons have substantial branching ratios for decay to pairs of neutralinos, 
or charginos or sleptons, .... Such decays will, however, only be significant if tan/? is 
in the low to moderate range, a significant part of which has already been excluded 
by LEP2 data. For larger tan j3, the H^, —>■ bb and tb decay modes and 

their r analogues are sufficiently enhanced that sparticle pair channels will have small 
branching ratios. 



6.6 Discovery of NMSSM Higgs Bosons 

The addition of the singlet superfield results in a third CP-even Higgs boson 
and a second CP-odd Higgs boson. The CP-even bosons mix, as do the CP-odd 
bosons. There is still a strong constraint of m^^o < 150 GeV on the mass of the 
lightest CP-even physical state. If it does not have substantial coupling to VV, 
then it can be shown that one of the other two states or /ig) must have at least 
moderate VV coupling and must be relatively light. As a result, discovery of one 
(or more) of the CP-even Higgs bosons of the NMSSM is guaranteed at a LC with 



^/s > 350 GeV [5^|. An important question is whether the sharing of the VV coupling 



that is possible in the NMSSM means that discovery of one of the NMSSM Higgs 



bosons at the LHC cannot be guaranteed. A study for Snowmass 96 |]55[ showed that 
parameters could be chosen so that no Higgs boson would be observed employing 
the experimentally verified modes available at that time, even for L = 600 fb-\ For 
example, for 171^0 = 105 GeV and tan/? = 5, event rates in the /ii,2,3 — > 77, ZZ*, 
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WW*, etc. final states could all be suppressed by virtue of a shared VV coupling 
configuration, while tan f3 was too small to sufficiently enhance the 66/11,2,3 and 66ai,2 
(with /ii,2,3, cti,2 T^T^) modes to the 5a level. What was missing in 1996 was a 
discovery mode based on the bb decays, especially those of the lightest Higgs bosons, 
/ii,2. Recently, the tih —>■ tibb mode (originally discussed in [^) has been shown 
to be viable for a SM-like Higgs by the ATLAS and CMS groups Rescaling 
these results to the NMSSM, a preliminary study ||5^ finds that all points for which 
discovery was found to be impossible without this mode would allow > 5cr discovery of 
hi or /12 in the tibb final state. Further study is needed, but it now appears that there 
is a 'no-lose' theorem for NMSSM Higgs discovery at the LHC once both ATLAS and 
CMS have each accumulated L > 300 fb~^ of luminosity. 



7 Conclusions 

This brief overview of discovery prospects for Higgs bosons necessarily omitted 
many interesting topics, and almost completely ignored the very interesting programs 
for precision measurements of the properties of the Higgs bosons at the LHC and LC 
and how such measurements impact our ability to determine, for instance, the MSSM 
or NMSSM soft-supersymmetry-breaking parameters. It is these latter which are 
needed to connect TeV scale physics to the GUT scale physics that we ultimately 
hope to probe. 
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